We investigated how ␣-catenin transduces force at cell-to-cell adhesions. Results: Molecular dynamics simulations identified structural features contributing to ␣-catenin stability and its deformation under applied force. Conclusion: A cooperative network of salt bridges in ␣-catenin regulates both ␣-catenin stability and how it unfolds under force. Significance: These findings reveal the molecular basis of experimental observations and the impact of reported cancer-linked ␣-catenin mutants.
␣-Catenin plays a crucial role in cadherin-mediated adhesion by binding to ␤-catenin, F-actin, and vinculin, and its dysfunction is linked to a variety of cancers and developmental disorders. As a mechanotransducer in the cadherin complex at intercellular adhesions, mechanical and force-sensing properties of ␣-catenin are critical to its proper function. Biochemical data suggest that ␣-catenin adopts an autoinhibitory conformation, in the absence of junctional tension, and biophysical studies have shown that ␣-catenin is activated in a tension-dependent manner that in turn results in the recruitment of vinculin to strengthen the cadherin complex/F-actin linkage. However, the molecular switch mechanism from autoinhibited to the activated state remains unknown for ␣-catenin. Here, based on the results of an aggregate of 3 s of molecular dynamics simulations, we have identified a dynamic salt-bridge network within the core M region of ␣-catenin that may be the structural determinant of the stability of the autoinhibitory conformation. According to our constant-force steered molecular dynamics simulations, the reorientation of the MII/MIII subdomains under force may constitute an initial step along the transition pathway. The simulations also suggest that the vinculin-binding domain (subdomain MI) is intrinsically much less stable than the other two subdomains in the M region (MII and MIII). Our findings reveal several key insights toward a complete understanding of the multistaged, force-induced conformational transition of ␣-catenin to the activated conformation.
Cell surface adhesion proteins, which form mechanical links to the extracellular matrix and adjacent cells, are potential loci of force transduction across cell membranes. Such mechanotransduction plays a central role in instructing cell functions and regulating tissue genesis and homeostasis (1) (2) (3) (4) , but the molecular mechanisms at the protein level underlying force transduction are only beginning to be identified. Proteins at focal adhesions, such as talin, vinculin, and Cas120, are postulated to undergo force-dependent conformational changes to activate downstream signaling (3, (5) (6) (7) (8) (9) . The ability of integrins to sense matrix rigidity is also enhanced by tension-dependent conformation changes in extracellular matrix proteins that activate integrin ligation and signaling (10, 11) .
Although not appreciated until recently, adhesive complexes at cell-cell junctions also act as force-sensitive mechanical and signaling hubs. For example, platelet endothelial cell adhesion molecule one (PECAM-1), which is an adhesion protein associated with vascular endothelial cadherin at interendothelial junctions, mediates the transduction of mechanical signals due to fluid shear stress. Fluid shear sensing activates cell alignment under flow (12) (13) (14) . Although the force transducer at PECAM-1 complexes has not yet been identified, one such element has been identified in cadherin complexes (15) (16) (17) (18) (19) , which are adhesive junctions that are required for the integrity of intercellular junctions in all tissues. Cadherins are transmembrane proteins that mediate intercellular adhesion, by binding cadherins on adjacent cells. Mechanical and biochemical measurements showed that cadherin complexes transduce intercellular force to alter cytoskeletal organization at stressed cell-cell junctions and trigger changes in cell mechanics, in response to both endogenous and exogenous force (15, 18 -22) .
The cytosolic protein ␣-catenin is an identified force-sensitive protein in cadherin complexes and is a postulated force transducer (18, 22) . ␣-Catenin mechanically couples cadherins to F-actin (23) . The cytosolic domain of cadherins binds ␤-catenin, and ␣-catenin binds both ␤-catenin and F-actin to mechanically couple cadherins to the cytoskeleton (24 -26) . Studies have shown that ␣-catenin is crucial for cadherin-mediated intercellular adhesion, and its dysfunction is linked to a variety of cancers and developmental disorders (27) (28) (29) .
As a force transducer in the mechanical chain between cadherins and the cytoskeleton, ␣-catenin is postulated to adopt an autoinhibited conformation in the absence of junctional tension, but mechanical stress alters the conformation to expose a cryptic binding site for the actin-binding protein, vinculin (18, 30) . At cadherin complexes, vinculin is an ␣-catenin effector that binds the exposed vinculin-binding site (VBS) 3 in the force-activated ␣-catenin conformation (15, 19, 20, 30 -32) . Vinculin in turn recruits signaling proteins that locally activate actin polymerization and reinforce cadherin adhesion under tension (33) . The molecular basis of this conformational switch and the structural features and interactions that tune its force response are crucial for understanding the role of ␣-catenin in tissue morphogenesis and human disease.
In a proposed force transduction mechanism, under low tension, an inhibitory domain was suggested to bind and encrypt the VBS of ␣-catenin, but force would disrupt this interaction to expose the VBS (18) . ␣-Catenin is structurally homologous to vinculin, which is autoinhibited by a high affinity interaction between head and tail domains (34) . The latter interaction simultaneously encrypts a C-terminal actin-binding site and an N-terminal domain that binds ␣-catenin and other proteins in the cell (34) . In contrast to vinculin, crystal structures of ␣-catenin did not reveal a similar head-tail, autoinhibited conformation (35) (36) (37) (38) (39) .
The structure of ␣-catenin comprises five 4-helix bundles and a C-terminal 5-helix bundle (Fig. 1) , similar to vinculin. The five 4-helix bundles can be divided into an N-terminal (N) domain with two 4-helix bundles and a modulatory M region (with three 4-helix bundles designated as MI-MIII subdomains) that regulate cell adhesion and embed the VBS and a putative inhibitory region (Fig. 1) . MI-MIII subdomains appear to be stabilized by several salt bridges (35, 38, 40) . Unlike vinculin, the N-and C-terminal domains do not bind each other or modulate their respective functions (39) . Instead, in the cell, the N-and C-terminal domains of ␣-catenin bind to ␤-catenin and to F-actin, respectively ( Fig. 2A) , and these connections mechanically couple cadherin to the actin cytoskeleton (17, 23, 25) . This difference suggests that the activation mechanisms of vinculin and ␣-catenin also differ. In the structure of the complex between vinculin and ␣-catenin (Fig. 2B) , the MI subdomain is unfurled to expose the VBS, which in turn binds an ␣-helical domain in vinculin (40, 41) .
The mechanism of force-activated ␣-catenin unfolding, the identity of load-bearing side chain interactions, the structural basis of the force sensitivity of ␣-catenin, and the impact of disease-linked mutations on its structural stability have yet to be established. Recent single protein unfolding studies reported the forced unfolding of MI-MIII when stretched along the N-to-C-terminal axis (42) . The protein appeared to unfold in three sequential steps in which an initial unfolding event at ϳ5 pN appeared to expose the VBS in MI, while retaining the structures of MII and MIII. However, the structural bases of these force signatures and the interactions that determine the force threshold for unfurling remain to be determined.
In this study, we report the results of an aggregate of 3 s of molecular dynamics (MD) simulations performed to investigate structural determinants of the mechanical properties of ␣-catenin. We focus on the core MI-MIII fragment in these simulations because its stability in the simulations was unaffected by the N domain. Additionally, the C-terminal region, although structured, is highly mobile due to a flexible linker between the M region and the C-terminal domain (38) . Equilibrium simulations of the M region (MI-MIII), as well as its individual domains, reveal a dynamic network of intramolecular salt bridges that contributes to both the thermodynamic (equilibrium) and mechanical stability of the structure. Investigations of point mutations provided further insights into experimental observations of ␣-catenin function, as well as the potential role of point mutations in cancer. Steered MD (SMD) simulations performed at either a constant loading force or a constant loading velocity identified structural changes that occur in response to applied force and intramolecular interactions underlying the mechanical stability of the M region. The results are qualitatively consistent with recent single molecule unfolding studies and reveal structural changes potentially underlying single molecule force-extension signatures. These findings are also discussed in the context of functional and developmental perturbations induced by ␣-catenin point mutations.
Experimental Procedures
Model Building-The simulations were based on the published structure of ␣-catenin (chain A), which was obtained from the RCSB Protein Data Bank (PDB code 4IGG) (35) . The simulations were performed with the monomer, which was extracted from the structure of the asymmetric dimer (35) . The titration states of ionizable residues (aspartate, glutamate, lysine, arginine, histidine, and tyrosine) were assigned based on pK a calculations performed using Hϩϩ, a web server for estimating pK a values and adding missing hydrogens to macromolecules (43) . This resulted in a model in which all residues had their default titration states. The peptide bond between Gly-274 and Gly-275 was adjusted, by changing it from the cis to trans configuration, by using the cis peptide plugins of VMD (44) . The system was then solvated in a box of water using the program SOLVATE (45) , with at least 15 Å between the protein and the boundary of the box. Then 150 mM NaCl was added to neutralize the net charge of the system, using the autoionize plugin of VMD (46) .
Simulation Protocol-All the simulations were performed using NAMD2 (47) , the CHARMM27 force field (48) for proteins and ions (49) , and the TIP3P model for explicit water (50) . All the simulations were performed using periodic boundary conditions and a time step of 2 fs. Throughout the simulations, bond distances involving hydrogen atoms were fixed using the SHAKE algorithm (51) .
After an initial 10,000 steps of energy minimization with all C␣ atoms fixed, the system was equilibrated in an NVT (constant number, volume, and temperature) ensemble at 310 K for 500 ps, during which all protein C␣ atoms were constrained (k ϭ 1 kcal/mol/Å 2 ) to allow for relaxation of the side chains and water. All the following equilibrium simulations were performed in an NVT ensemble. Table 1 summarizes the equilibrium simulations of different ␣-catenin constructs performed in this study, along with the number of replicates and the time for each simulation system. For cases where multiple trajectories were generated, only a representative one has been described under "Results" and figures.
In SMD simulations of forced unfolding of the ␣-catenin constructs, two distinct pulling protocols were used as follows: constant velocity SMD (cv-SMD) and constant force SMD (cf-SMD) (52, 53) . Table 2 summarizes the SMD simulations performed on different ␣-catenin constructs. For most of the SMD simulations reported here, the pulling force was applied to the C␣ atoms of the N-terminal residue. For the construct N-M (residues 82-635), at a constant pulling velocity of 5 Å/ns, the steadily rising force was applied to the center of mass of the C␣ atoms of the first two helices of the N-terminal domain (residues 82-146), to maintain the secondary structure of the ␤-catenin-binding site, which forms a high affinity complex with ␤-catenin at the membrane (39) . The C␣ atom of Pro-635 at the C terminus was fixed, in order to prevent the overall translation of the system in response to the applied external force. The force was directed along the x axis between the two anchoring points and was defined as positive when pulling toward the N-terminal domain of the protein. A force constant of k ϭ 1 kcal/mol/Å 2 was used for the cv-SMD simulations. For all of the simulations, a constant temperature was maintained using Langevin dynamics with a damping coefficient ␥ of 0.5 ps Ϫ1 (54, 55). Short range, nonbonded interactions were calculated using a cutoff distance of 12 Å, and long range electrostatic forces were described with the particle mesh Ewald (PME) method (56) .
Results and Discussion

N-terminal Domain Does Not Contribute Directly to Autoinhibition-
The C-terminal F-actin-binding domain adopts two distinct conformations relative to the M region (MI, MII, and MIII subdomains) and the N domain, in chains A and B of the crystal structure (PDB code 4IGG) (35) of the asymmetric ␣-catenin dimer (Fig. 3A) . The contacts between the C-terminal domain and the M region also differ in these subunits. In contrast, the orientations of the M region relative to the N domain are almost identical in chains A and B, and the conformations of the M region are also very similar to each other within the two chains (Fig. 3A) . Considering the long, unstructured linker between the M region and the C-terminal domain in the crystal structure, the C-terminal region is expected to be very flexible. No specific strong interactions with the M region can be discerned that would restrain the C-terminal domain. Because of the evident decoupling of this domain from the M region, we chose not to include the C-terminal domain in the simulations, to be able to perform better sampling enabled by a smaller system size.
Additionally, our simulations of the ␣-catenin construct N-M suggested that the N domain does not affect the stability of the autoinhibited M region directly. We first performed a 50-ns equilibrium simulation (trajectory 1), to probe the effect of the N domain on conformational dynamics of the MI-MIII subdomains (Fig. 4) . No stable contacts between the N domain and any of the MI-MIII subdomains were observed during this equilibrium simulation. Moreover, the significantly increased backbone root mean square deviations(s) (r.m.s.d.) of the whole construct (N-M) compared with the relatively steady backbone r.m.s.d. of individual domains during the 50-ns simulation (Fig. 4B ) also suggests the absence of conformational coupling between the N domain and the MI-MIII subdomains.
We next carried out cv-SMD simulations to study the unfolding pathway and mechanism of the ␣-catenin construct N-M under the influence of external force. During this 20-ns cv-SMD simulation (trajectory 22), the N domain separated rapidly from the MII subdomain (Fig. 4A) , when subjected to a steadily increasing force. The unstructured linker between the N domain and the M region was also extended. This extension dominates both the increase in the backbone r.m.s.d. of the entire protein (Fig. 4B ) and the increase in N-MII distance (Fig.  4C) . At the same time, the backbone r.m.s.d. of individual domains (Fig. 4B) , as well as inter-domain (center of mass) distances (Fig. 4C) , indicates that the M region (MI-MIII subdomains) maintains its internal structure as the N domain pulled away from the MII subdomain (Fig. 4A) . Structural examination of trajectories from both equilibrium and cv-SMD simulations suggests that encryption of the VBS is maintained primarily by interactions within the M region, i.e. it is not strongly influenced by interactions with either the N-or C-terminal domains.
Our simulations and analyses based on the crystal structure (PDB code 4GG) suggested that both of the linkers between the M fragment and either the N or C domains are long and flexible. There is no structural or biochemical evidence that (prior to the forced exposure of the vinculin site) ␣-catenin is pulled by any other proteins acting at a different site. Hence, the most likely in vivo scenario, given the current biochemical and structural data, is that force is applied end-to-end across the M fragment through these flexible linkers, as in the simulations (Fig. 4A) . Therefore, subsequent investigations of the structural elements determining the stability of the autoinhibited conformation focused on the central M region. The C-terminal domain is known to be required for actin anchorage and force transmission across the protein (24, 26, 57) . In experiments, C-terminal domain deletion prevented ␣-catenin localization at the membrane (24, 26, 57) . This result suggested cooperativity between the N-and C-terminal domains, but recent findings do not support this interpretation (39) . The origin of the influence of the C-terminal domain is unknown. Because of the unstructured linker region, neither these present simulations nor the crystal structures resolved this question (35, 38) .
Autoinhibited Conformation Is Stabilized by a Salt-bridge Network within the MI-MIII Region-The equilibrium simulations of the M region (trajectories 2-4) reveal that six salt bridges within this region together form a dynamic, highly cooperative inter-domain network, which plays a key role in stabilizing the M region and its autoinhibited conformation. Five of these salt bridges are seen in the published crystal structures (Fig. 5A) (35, 38) , and most of them are highly conserved in the ␣-catenin family (Fig. 6) . In the simulations, salt bridges were considered to exist/form, if the distance between any of the side chain oxygen atoms of the acidic residue and the side chain nitrogen atoms of the basic residue was within the cutoff distance of 4 Å (58). Most of these interactions persist in our equilibrium MD simulations of the M region (residues 273-635) (Table 3 ). In addition to these five salt bridges (Fig. 5A) , we observed the formation of another salt bridge (Glu-396 -Arg-540) during the simulations (Fig. 5B) . These six salt bridges break and reform with localized breathing motions of the M region that are apparent from the time evolution of the distances between the pairs of residues (Fig. 7) .
The salt bridge probability was also calculated, based on the same 4-Å distance criterion described above, to assess the stability of individual salt bridges. It is noteworthy that some salt bridges (Glu-277-Arg-451, Asp-392-Arg-548, and Asp-503-Arg-551), which are all present in the crystal structure, were observed in less than half of the frames (p Ͻ 50%) during the equilibrium simulation of the wild type M region. In contrast, Glu-396 -Arg-540, a newly formed salt bridge (not present in the crystal structure), is observed in about 80% of the configurations in the same simulation (Table 3) , indicating its higher stability when compared with the other salt bridges.
The salt bridges are clearly dynamic and form and break frequently during the simulations, as evident from the absence of any salt bridges with a probability greater than 95% (Table 3) . Also, at no time during the simulation did all of the salt bridges break simultaneously (Fig. 7) . These simulations therefore suggest that the stability of the entire M region is maintained by a dynamic electrostatic network, in which multiple salt bridges are always present, despite frequent bond fluctuations. The results also suggest that no specific salt bridge alone determines the stability of the M region, but instead several salt bridges form a dynamic, cooperative network to accomplish the task.
Comparative simulations performed on specific charge mutations further highlight the importance of the identified salt-bridge network cooperativity in stabilizing the M region. Equilibrium simulations of three mutants (trajectories 5-7) targeting some of these salt bridges (E521A, R540H, and R551A) were performed for 100 ns and compared with the wild type (trajectory 2) of the M region (construct comprising MI-MIII subdomains) (Fig. 7) . Each of these mutations disrupts only one of the salt bridges in the network, and none of them induces a conformational transition to the active state. Compared with the stable wild type M region, all of the mutants exhibit greater conformational fluctuations, and in some cases they even undergo structural rearrangements (e.g. in R551A). The backbone r.m.s.d., inter-domain angles, and salt bridge distances (Fig. 7) highlight the consistent differences between the conformational dynamics of the wild type M region versus the saltbridge mutants.
Consistent with our findings, two of these mutants, R551A and E521A, significantly increase binding between ␣-catenin and vinculin, in in vitro pulldown assays (38) . Also of interest, four missense mutations have been identified in the salt-bridge 
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JULY 31, 2015 • VOLUME 290 • NUMBER 31 network (namely R383H, R540H, R551Q, and D503N), whereas Glu-277 and Arg-451 are targeted by nonsense mutations in various epithelial cancers (59, 60) . The latter findings confirm the importance of these salt bridges for ␣-catenin function. Moreover, experimental data and our results together suggest that mutations within these salt bridges may also tune the force sensitivity or mechanical stiffness of ␣-catenin.
Our findings are also in line with the experimental results obtained with the truncated 1-509 construct, which exhibited increased, force-independent vinculin recruitment to intercellular junctions (18) . The 1-509 fragment eliminates all of the charged groups that complement the six key charged residues from Glu-277 to Asp-503. The simulations predict that this truncation would destabilize the tertiary structure of the M 
TABLE 3 Inter-domain salt-bridge dynamics in ␣-catenin
Distance and probability for inter-domain salt bridges derived from the equilibrium simulation (trajectory 2) are shown and compared with the values observed in the crystal structure (PDB code 4IGG).
Salt-bridges
Asp a For calculating probability, a salt bridge is considered to exist if the distance between any of the side chain oxygen atoms of the acidic residue and any of the side chain nitrogen atoms of the basic residue is within the cutoff distance of 4 Å. region and the individual helix bundles and would, in turn, increase the exposure of the VBS, as reported experimentally (38) . Similarities between the M region of ␣-catenin and the homologous region in vinculin (Fig. 3B) reinforce the importance of salt bridges in maintaining the tertiary structure of the MI-MIII core in both proteins. Several of the inter-domain salt bridges within the M region are conserved in the vinculin counterparts. Despite differences in the N-and C-terminal domains, the arrangement of the MI-MIII subdomains in both ␣-catenin structures (PDB codes 4IGG and 4KIN) (35, 38) is also very similar to the homologous domains in vinculin (PDB codes 1ST6 and 1TR2) (Fig. 3B) (61, 62) . Despite similarities in the M region structures, the autoinhibition mechanisms of ␣-catenin and vinculin differ substantially, and this difference may reflect the different functional roles of autoinhibition (and its reversal) for each protein. Vinculin activity is controlled by a high affinity interaction between the head and tail domains (34) . Its activation and recruitment to force-activated talin (and likely to ␣-catenin) involve phosphorylation and allosteric interactions with cytosolic binding partners (34, 61, 63, 64) . Conversely, recent experimental data demonstrated that force directly activates ␣-catenin (30, 42) , and the present simulations suggest that this occurs by a process involving salt-bridge disruption within the M region. Despite sharing a core structural motif, these proteins differ in their activation mechanisms, functional binding partners, and roles in force transduction.
The simulation results presented here reveal that a cluster of salt bridges in the modulatory M region of ␣-catenin forms a cooperative network directly involved in the structural stability and mechanical properties of the M region. This cooperative network is highly dynamic, with individual bonds exhibiting a formation probability of less than 95%. Importantly, the encryption of the VBS and stability of the inactive conformer are independent of the N-and C-terminal helix bundles. These findings suggest that inter-domain salt-bridge rupture would determine the force required to activate ␣-catenin and that this ionic network, rather than intra-domain contacts in MI, would tune the force-sensitivity of this protein.
Salt-bridge Network Controls the Relative Orientation of MII and MIII-Crystal structures of ␣-catenin (PDB codes 1H6G, 1L7C, and 4IGG) (35, 36, 66) contain different lengths of a flexible MI-MII linker with substantial conformational variability (35, 38, 67) . MD simulations of three different constructs of the MII and MIII subdomains (trajectories 9 -11) with different lengths of the MI-MII linker (namely the 377-635, 385-635, and 397-635 constructs) suggest that the linker might govern the relative orientation of these subdomains.
We monitored the MII/MIII inter-domain angles as a function of time during equilibrium simulations (trajectories 9 -11) of construct MII-MIII (Fig. 8, B-D) . Increasing the number of residues from the MI-MII linker (amino acids 377-396) retained in the fragment also increased the number of salt bridges, which in turn increased the fragment stability. Eliminating the salt bridges Arg-383-Asp-, Asp-392-Arg-548, and Glu-396 -Arg-540 increased the variability of the angle between MII and MIII (Fig. 8, D and F) . These results suggest that variations in the salt-bridge network, as a result of the change in the linker length, may contribute to the divergent structures observed crystallographically for the MII-MIII fragment (PDB codes 1H6G, 1L7C, and 4IGG) (Fig. 8E) (35, 36, 66) .
The rearrangement of the MII and MIII subdomains may also contribute to the release of the autoinhibited conformation and exposure of the VBS. In our SMD simulations of the M region, we investigated the conformational change preceding the forced exposure of the VBS. In multiple cv-SMD simulations performed at pulling velocities of 2-10 Å/ns (trajectories 23-28), the protein did not unfold along any consistent pathway or exhibit common intermediates. This variability is apparent in the calculated r.m.s.d. of each domain (Fig. 9) . The variability may be due to the high pulling forces used (peaking at 200 -500 pN in the cv-SMD simulations; Fig. 9 ), which might obscure pathways occurring at physiological forces. This could be compounded by the salt bridge cooperativity in which the stochastic fluctuations of any of the six salt bridges could trigger unfolding along different pathways.
Alternatively, we conducted cf-SMD simulations of the M region at a constant force of 100 pN, which is smaller than the range of the forces applied in cv-SMD simulations (200 -500 pN). Two separate cf-SMD trajectories (trajectories 29,30) identified consistently an intermediate in which the MII and MIII subdomains exhibit a change in their relative orientation 
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by ϳ80° (Fig. 10 ). This conformational change followed the rupture of several of the salt bridges described above, in response to the pulling force. At the same time, several new salt bridges formed at the MII9-MIII interface (Fig. 11) , after the MIII domain rotation: namely Arg-540 establishes salt bridges with both Asp-392 and Glu-396, Arg-546 interacts with Glu-406, and Arg-551 interacts with Asp-485 (Fig. 11B) . The contacts are not identical in the two cf-SMD simulations (see Fig.  11 ), but the slight differences highlight the likely plasticity of this interface and the cooperativity of the salt-bridge network. Both features could contribute to variability in the precise atomic details of the unbinding trajectories. The overall change, however, may reflect the initial phase of a dominant unfolding pathway, which could have a lower activation barrier at smaller forces than those observed in the cv-SMD simulations.
MII and MIII also exhibited a clear reorientation during the equilibrium simulation of the R551A mutant (trajectories 7), although the change in the relative orientation was only ϳ30° (  Fig. 7) . Interestingly, pulldown assays have shown that the R551A mutant binds vinculin with higher affinity than E521A (38) . Consistent with this picture, during the equilibrium simulations, the E521A mutant (trajectory 5) underwent a much smaller MII/MIII reorientation (by only ϳ10°; Fig. 7) . Thus, both cf-SMD simulations of the M region (trajectories 29 and 30) as well as the equilibrium simulations of the mutants (trajectories 5 and 7) consistently suggest that the relative MII/MIII reorientation might be an important step in the mechanical Mechanical Stability of ␣-Catenin activation of ␣-catenin. Notably, this was the only configuration observed consistently in unfolding simulations at constant force (100 pN).
In the cf-SMD simulations (trajectories 29 and 30) of the M region, the MII/MIII reorientation occurs after the breakage of the initial salt bridges. Two crystal structures (PDB codes 1H6G and 1L7C) exhibit orientation variability, but they differ from the intermediate structure captured in these simulations. Moreover, new salt bridges formed between MII and MIII in the cf-SMD simulations, but these subdomains are well separated in the crystal structures (35, 37, 38) . The differences may be due to the partial truncation of some salt bridges in the proteolytic fragment that stabilize the initial compact structure. Missing contacts in the latter structure or influences of the crystallization conditions may explain the differences in MII and MIII orientations in crystals.
The force-induced reorientation of MII and MIII, which was reproducibly observed in multiple simulations, may constitute an initial step during the activation process. However, the inability to obtain reproducible and complete unfolding trajectories depicting a dominant unfolding pathway, even at relatively slow pulling speeds, may also be a consequence of the dynamic salt-bridge network. Cooperativity and frequent bond fluctuations suggest a rugged, shallow energy landscape in which unfolding trajectories may be determined by the stochastic break of salt bridges with similar energies and hence similar rupture probability. A dominant pathway may emerge at slower pulling speeds and longer simulation times or in simulations at lower constant forces.
Vinculin-binding Subdomain (MI) Is the Least Stable Subdomain in the M Region-Besides the importance of the salt bridges for the overall stability of the M region, the stability of individual four-helix bundle subdomains differs. Importantly, the MI subdomain, which contains the vinculin-binding site, is the least stable of the three M subdomains, both in isolation (trajectories 12, 15, and 17) and in the full M region (trajectory 2). MI consistently exhibited larger conformational deviations and greater structural fluctuations than either MII or MIII (Figs. 4B and 7) . After 100 ns, the r.m.s.d. of the isolated MI subdomain reached ϳ4.5 Å, which is not only markedly larger than the r.m.s.d. of MII (1.5 Å) and MIII (2 Å) subdomains, but also greater than that of MI within the intact M region (2.5 Å after 100 ns) (Fig. 12) . In contrast, the r.m.s.d. of either MII or MIII in single-domain equilibrium simulations shifted little (ϳ0.5 Å), compared with their behavior within the intact M region (Fig. 12) . Furthermore, the distribution of the radius of gyration of the isolated MI subdomain is much broader than in the context of the M region (Fig. 12) .
Single salt-bridge mutants in the M region (trajectories 5,7) further enhanced the differences in the stability of the MI subdomain relative to MII or MIII (Fig. 7) . This result is consistent with our postulate that the autoinhibited conformation is pre- dominantly stabilized by the inter-domain salt-bridge network rather than by other inter-domain or intra-domain contacts. This finding also suggests that disrupting the salt-bridge network may facilitate switching between the closed (autoinhibited) and open (active) conformational states. We further postulate that MI unfolding would still require initial salt-bridge rupture, which would define the critical force to unfurl ␣-catenin and expose its encrypted VBS.
So far, studies have identified two classes of missense mutations. The first class includes charged residues, such as E521A and R551A, as mentioned above. The second class of mutations disrupts the MI helical bundle and includes M371W and L344P. The mutant M371W in the core of the MI subdomain increases vinculin binding to ␣-catenin, in affinity pulldown experiments in vitro (38) . The L344P lacks high affinity binding to vinculin in in vitro binding assays (68) and in single molecule magnetic tweezers studies (42) . But in this study, we only performed simulations with the M371W mutant.
In the single-domain equilibrium simulations, the wild type MI subdomain (trajectory 12) and its M371W mutant (trajectories 19) did not exhibit any clear difference in the structural stability of the MI subdomain, based on the calculated r.m.s.d. during 100-ns equilibrium simulations (Fig. 13A) . However, cf-SMD simulations using a pulling force of 100 pN (trajectories 31 and 33) suggest that the M371W mutation causes MI to unfold considerably faster than wild type, when subject to external force. During these cf-SMD simulations, the wild type MI subdomain required over 120 ns to undergo a large scale conformational change (Fig. 13, A and C) , but the M371W mutant unfolded in only 10 ns (Fig. 13, A and B) .
Interpretations of Force-extension Experiment from MD Simulation-These simulations nevertheless reveal possible structural bases of the three unfolding steps in magnetic tweezers measurements (42) . The initial observed unfolding step at 5 pN in these experiments corresponds to a length change of 16 nm (42). The observed N-to-C distance change of ϳ16 nm during the simulations (Fig. 10, A and B) is mainly due to unfolding of the first two contiguous helices in the MI subdomain and the relative reorientation of MII and MIII. The complete separation of the third and fourth helices in MI (and exposure of the VBS) would result in a length change of ϳ20 nm, which is consistent with the length of the experimentally measured refolding transition at ϳ4.7 pN (42). Although it might appear surprising that the second helix in MI completely unfolds in the simulations, this observation is in line with the structural instability of this helix as inferred from its partially unstructured forms in cocrystals of vinculin and ␣-catenin (40) .
The cfSMD and cvSMD simulations also suggest that salt bridge rupture is an important event determining the unfolding force, but other interactions between helices 3 and 4 of MI subdomain also contribute. Experimentally, the L344P mutation abrogated the initial unfolding event at 5 pN (42) . Although this might solely reflect the disruption of the interface between the third and fourth helices in MI, the mutation could also disrupt packing necessary for the inter-domain salt-bridge network, by displacing Arg-326 and other residues. The second unfolding steps of 25 pN in the experiments were attributed to the sequential unfolding of MII and MIII (42) . The formation of more stable contacts between the reoriented MII and MIII subdomains would partly account for the greater forces required to further unfold the protein. The equilibrium simulations also reveal the greater structural and mechanical stability of MII and MIII, relative to MI.
The simulated unfolding behavior and the identified major stabilizing contacts may differ from interpretations of experimental force-extension curves. The different time scales could bias unfolding behavior, for example. The stretching rate at a constant force of 4 pN is ϳ20 nm/s, compared with the simulated stretching rate of ϳ50 nm/s at a constant force of 100 pN (cf-SMD). However, given the predicted dependence of kinetics on applied force (65), the different time scales for unfolding at 4 pN versus 100 pN might be reasonable. Also, the millisecond time resolution of single molecule measurements would not likely identify the different stages of MI unfolding seen in SMD simulations. Future comparisons of the simulation predictions with experimental force-extension measurements and biochemical studies will test the importance of the inter-domain salt bridges versus intra-domain contacts in ␣-catenin mechanics and force transduction.
Conclusions-In summary, this study reveals several atomic level details that may contribute to the mechanical function of ␣-catenin. First, the N-and C-terminal domains do not influence the force sensitivity of the core M region. More importantly, equilibrium and SMD simulations suggest that a dynamic salt-bridge network within the M region stabilizes the autoinhibitory conformation of ␣-catenin. The rupture of the salt-bridge network and the following MII/MIII reorientation under force may constitute an initial phase along the unfolding pathway (Fig. 14) . Furthermore, simulations also demonstrate that the vinculin-binding subdomain MI is intrinsically less stable than the MII and MIII subdomains of the M region. All of these findings are critical insights toward developing a comprehensive understanding of the mecha- 
